Rationale The noncompetitive NMDA antagonist ketamine produces rapid antidepressant effects in treatment-resistant patients suffering from major depressive and bipolar disorders. However, abuse liability is a concern. Objectives This study examined abuse-related effects of ketamine using intracranial self-stimulation (ICSS) in rats. The higher-affinity NMDA antagonist MK-801 and the monoamine reuptake inhibitor cocaine were examined for comparison. Methods Male Sprague Dawley rats were implanted with electrodes targeting the medial forebrain bundle and trained to respond to brain stimulation under a frequency-rate ICSS procedure. The first experiment compared the potency and time course of ketamine (3.2-10.0 mg/kg) and MK-801 (0.032-0.32 mg/kg). The second experiment examined effects of repeated dosing with ketamine (3.2-20.0 mg/kg/day) and acute cocaine (10.0 mg/kg). Results Following acute administration, ketamine (3.2-10 mg/kg) produced only dose-and time-dependent depressions of ICSS and failed to produce an abuse-related facilitation of ICSS at any dose or pretreatment time. In contrast, MK-801 (0.032-0.32 mg/kg) produced a mixed profile of rate-increasing and rate-decreasing effects; ICSS facilitation was especially prominent at an intermediate dose of 0.18 mg/ kg. Repeated dosing with ketamine produced dose-dependent tolerance to the rate-decreasing effects of ketamine (10.0 and 18.0 mg/kg) but failed to unmask expression of ICSS facilitation. Termination of ketamine treatment failed to produce withdrawal-associated decreases in ICSS. As reported previously, 10.0 mg/kg cocaine facilitated ICSS. Conclusions The dissociable effects of ketamine and MK-801 suggest differences in the pharmacology of these nominally similar NMDA antagonists. Failure of ketamine to facilitate ICSS contrasts with other evidence for the abuse liability of ketamine.
Introduction
The noncompetitive N-methyl-D-aspartate (NMDA) antagonist ketamine produces rapid and robust antidepressant effects in treatment-resistant patients suffering from major depressive disorder (Berman et al. 2000; Murrough et al. 2012; Zarate et al. 2006 ) and bipolar disorder (Diazgranados et al. 2010; Zarate et al. 2012 ). Preclinical research is currently focused on elucidating mechanisms responsible for these rapid antidepressant effects. However, use of ketamine to treat depression is likely to be constrained by concerns over abuse liability. For example, ketamine is second only to heroin as the most abused illicit substance in Hong Kong (Shek 2007) . In the USA, ketamine is classified as a Schedule III drug by the Drug Enforcement Agency. Illicit use is rare compared to other abused drugs (Substance Abuse and Mental Health Services Administration 2013) and appears to occur most commonly among young adults in social contexts that also involve music and dancing (McCambridge et al. 2007; Winstock et al. 2012) .
Intracranial self-stimulation (ICSS) is one approach used to assess and compare abuse liability of drugs (Carlezon and Chartoff 2007; Kornetsky et al. 1979; Wise et al. 1992) . For ICSS in general, animals are trained to lever press for brain stimulation delivered via electrodes implanted in brain regions such as the medial forebrain bundle. In "frequency-rate" ICSS procedures, different frequencies of brain stimulation are used to engender frequency-dependent increases in ICSS rates and thereby establish a wide range of baseline ICSS rates. This type of procedure is useful in part because of its sensitivity to detection of drug effects on both low and high rates of operant responding. Many drugs of abuse, and especially stimulants like cocaine and amphetamine, increase low ICSS rates maintained by low brain-stimulation frequencies, and this "facilitation" of ICSS is often interpreted as an abuse-related effect (Vlachou and Markou 2011; Bauer et al. 2013a Bauer et al. , 2013b . The noncompetitive NMDA receptor antagonists phencyclidine and MK-801 have been evaluated under a number of ICSS parameters, and both compounds facilitated ICSS in frequency-rate procedures (Carlezon and Wise 1993; Corbett 1989; Sundstrom et al. 2002; Wise et al. 1992 ). However, ketamine effects have not been reported in subjects responding under a frequency-rate ICSS procedure. To address this issue, the present study compared effects of ketamine and MK-801 on ICSS using a frequency-rate procedure that has been used previously to evaluate effects of opioids (Altarifi and Negus 2011; Altarifi et al. 2013; Negus et al. 2010 Negus et al. , 2012b , monoamine releasers and uptake inhibitors (Bauer et al. 2013a (Bauer et al. , 2013b Bonano et al. 2013; Negus et al. 2012a; Rosenberg et al. 2013) , and cannabinoids (Kwilasz and Negus 2012) .
Materials and methods
Subjects Experiments were conducted in 14 adult male Sprague Dawley rats (Harlan Laboratories Inc, Frederick, MD) weighing between 300 and 350 g at the time of surgery. All rats were housed individually in plastic cages in the vivarium with a 12-h/12-h light/dark cycle (lights on 0600-1800 hours) and had free access to food and water except during experimental sessions. Procedures were approved by the Institutional Animal Care and Use Committee and complied with federal guidelines (Institute of Laboratory Animal Resources 2011).
Surgery Rats were anesthetized with isoflurane gas (2.5-3 % in oxygen; Webster Veterinary, Phoenix, Arizona, USA) for implantation of stainless steel electrodes. The cathode of each electrode (Plastics One, Roanoke, Virginia, USA) was 0.25 mm in diameter and covered with polyamide insulation, except at the flattened tip. The anode was 0.124 mm in diameter and uninsulated. The cathode was implanted in the left medial forebrain bundle at the level of the lateral hypothalamus (2.8 mm posterior and 1.7 mm lateral from the bregma, and 8.8 mm below the skull) (Pereira Do Carmo et al. 2009 ). The anode was wrapped around one of three skull screws to serve as the ground, and the skull screws and electrode assembly were secured with orthodontic resin. Rats received ketoprofen (5 mg/kg IP for 2 days) as a postoperative analgesic and were allowed to recover for at least 7 days before commencing ICSS training. Behavioral criteria were used to confirm efficacy of probe placement for maintaining ICSS. Rats were used only if they responded at criterion levels for brain stimulation (see training).
Apparatus ICSS experiments were conducted in 12 soundattenuating chambers that contained operant conditioning chambers (29.2×30.5×24.1 cm 3 ) equipped with a single response lever (4.5 cm wide, extended 2.0 cm through the center of one wall, 3 cm off the floor), stimulus lights (three lights colored red, yellow, and green positioned 7.6 cm directly above the lever), a house light, and an ICSS stimulator (Med Associates, St Albans, Vermont, USA). Electrodes were connected to the stimulator through bipolar cables and a commutator (Model SL2C, Plastics One). Programming of behavioral sessions and data collection were computer controlled by Med-State software (Med PC, Version 4.1, Med Associates).
Training Rats were trained under a fixed-ratio (FR) 1 schedule of brain stimulation using procedures similar to those described previously to study effects of mu/kappa/delta opioid receptor agonists (Altarifi and Negus 2011; Altarifi et al. 2013; Negus et al. 2010) , dopamine/norepinephrine/serotonin releasers and uptake inhibitors (Bauer et al. 2013a (Bauer et al. , 2013b Bonano et al. 2013; Rosenberg et al. 2013) , and cannabinoids (Kwilasz and Negus 2012) . The terminal schedule consisted of sequential 10-min components. During each component, a descending series of 10 brain-stimulation frequencies was presented, with a 60-s trial at each frequency. The frequency range extended from 158 to 56 Hz in 0.05-log increments, and stimulation intensity was individually determined during training and remained constant for each rat (range 120-260 μA). Each frequency trial began with a 10-s timeout, during which the house light was off and responding had no scheduled consequences. During the last 5 s of this timeout, five noncontingent stimulations were delivered once per second at the frequency available during that trial, and the lever lights were illuminated during each stimulation. This noncontingent stimulation was then followed by a 50-s "response" period, during which the house light was illuminated, and each lever press produced electrical stimulation (0.5-s train of 0.1 ms square-wave cathodal pulses) and illumination for 0.5 s of the colored stimulus lights over the lever. Training continued until rats reliably responded at rates ≥50 % maximum control rates (see "Data analysis" in the "Materials and methods") for at least three and no more than six trials of all components for at least three consecutive days. Additionally, rats were habituated to saline injections until these injections had significant no effect on ICSS frequency-rate curves as determined by two-way analysis of variance (see "Data analysis" in the "Materials and methods").
Dose effect and time course experiments A group of eight drug-naïve rats at the start of the experiment were used for dose effect and time course studies of ketamine and MK-801. Surgery was performed on 12 rats. Eight of the 12 rats successfully met ICSS training criteria and were included in the ICSS dose effect and time course experiments. ICSS test sessions for dose effect testing consisted of five sequential components. The first component of each test session was considered an acclimation component, and data from this component were discarded. Data from the second and third "baseline" components were used to calculate control parameters of frequency-rate curves for that test session in that rat (see "Data analysis" in the "Materials and methods"). Immediately after completion of the baseline components, a dose of test drug was administered intraperitoneally (IP), and after the designated pretreatment time, ICSS was evaluated during two test components (10 min each, 20 min total). Testing was conducted twice per week (typically Tuesday and Friday). Drugs, doses, and pretreatment times were as follows: ketamine (3.2-10.0 mg/kg; 10 min) and MK-801 (0.032-0.32 mg/ kg; 15 min). Dose order across rats was counterbalanced using a Latin-square design. Additional studies were also conducted to investigate the time course of effects produced by 5.6 and 10 mg/kg ketamine and 0.18 and 0.32 mg/kg MK-801. For these studies, baseline components were conducted as above. Rats were then immediately injected with a dose of test drug, and pairs of ICSS test components was initiated 10, 30, 100, and 300 min after the injection. Testing was initiated with different drugs in different rats. Saline has been tested previously using this time course procedure (e.g. Altarifi et al. 2012 ) and was not tested in the present study. If ICSS performance remained stable in a given rat after completion of testing with the initial drug, then the rat was advanced to testing with the other drug. Testing continued until each drug had been tested in groups of five to seven rats. Six rats received both ketamine and MK-801 treatment and two rats received only ketamine treatment.
Repeated ketamine experiment Initial dose effect and time course studies with acute ketamine failed to reveal ketamineinduced increases in rates of ICSS maintained by any brain stimulation frequency at any time. Consequently, follow-up studies were conducted in a drug-naïve group of six rats to examine effects of repeated dosing using a testing strategy that produced tolerance to ICSS rate-decreasing effects and enhanced expression of ICSS rate-increasing effects with mu opioid receptor agonists (Altarifi and Negus 2011; Altarifi et al. 2013) . The principle goal of this experiment was to evaluate the degree to which ketamine might produce ICSS facilitation under conditions that produced tolerance to ratedecreasing effects of ketamine. Surgery was performed on eight rats. Six of the eight rats successfully met ICSS training criteria and were included in the repeated ketamine experiments. Training was conducted as described above, and once training and habituation to saline injections were completed, "predrug baseline" sessions were conducted over a period of three consecutive days to establish baseline ICSS performance before administration of ketamine. Each predrug baseline session consisted of three components as described above. Testing proceeded over a period of 26 days, with ICSS assessment beginning at 1600 hours each day (Fig. 4) . On days 0, 7, 14 and 21, ketamine was administered using a cumulative dosing regimen. Specifically, test sessions consisted of three "baseline" ICSS components as described above, followed by cumulative administration of ketamine at 30 min intervals, such that each sequential ketamine dose increased the total cumulative dose by 0.25 log units. A pair of ICSS test components was initiated 10 min after each sequential ketamine dose. The ketamine dose range was 3.2-10 mg/kg on day 0 and 3.2-18 mg/kg on days 7, 14, and 21. Ketamine was also administered on intervening days as follows: days 1-6, 3.2 mg/kg/day; days 8-13, 10 mg/kg/day; days 15-20, 10 mg/kg twice per day (0900 and 1600 hours). On these intervening days, three baseline ICSS components were conducted, the daily ketamine dose was administered, and two test ICSS components were conducted beginning 10 min after ketamine. On days 15-20, when 10 mg/kg ketamine was administered twice per day, one ketamine dose was administered at 0900 hours without ICSS, and the second ketamine dose was administered at 1600 hours in the context of ICSS. On day 22, ketamine was not administered in the morning, and the time course of effects produced by 18 mg/kg/day ketamine was determined at 0900 hours using the time course testing procedure described above. Ketamine treatment and ICSS testing were omitted on days 23 and 24. On day 25, effects of 10 mg/kg cocaine were tested as a positive control for drug-induced increases in ICSS. Specifically, three baseline components were conducted as described above, followed first by IP administration of 10 mg/kg cocaine and then 10 min later by two ICSS test components.
Data analysis The primary dependent variable was the reinforcement rate in stimulations/trial during each frequency trial. To normalize these raw data, reinforcement rates (i.e. stimulations) from each trial were converted into the percent maximum control rate (% MCR). For dose effect and time course testing, the MCR was determined during the baseline components of each daily test session and was defined as the mean of the maximal stimulations observed in any frequency trial during the second and third baseline components. Thus, % MCR for each trial was calculated as (stimulations during a frequency trial/MCR)×100. Normalized data from the frequency trials of consecutive test components were then averaged across rats for display and for statistical analysis using two-way repeated measures analysis of variance (ANOVA), with drug dose or time as one factor and ICSS frequency as the other factor. A significant ANOVA was followed by a Holm-Sidak post hoc test, and the criterion for significance was set at P<0.05. To provide an additional summary of ICSS performance, the total number of stimulations delivered across all 10 frequency trials was determined for each component. The average number of total stimulations per test component was expressed as a percentage of the average number of total stimulations per component during the second and third baseline components (% baseline). Data from the study of repeated ketamine experiment were analyzed using a similar approach, with the exception that baseline MCR and total stimulations were calculated from the three-day predrug baseline components conducted before any ketamine administration (six total predrug baseline components). Frequency-rate curves for each cumulative dose effect were examined by two-way repeated measures ANOVA with dose and frequency as the two factors. In addition, baseline frequency-rate curves collected on Day 0 before initiation of ketamine dosing were compared to baseline frequency-rate curves from days 7, 14, and 21 to assess effects of repeated ketamine exposure and ketamine withdrawal. Specifically, baseline ICSS determinations on days 7 and 14 represented 24 h withdrawal periods from the most recent dose of 6-day treatment with 3.2, and 10 mg/kg/day ketamine, respectively; baseline ICSS determination on day 21 represented a 7-h withdrawal period from the most recent dose of 6-day treatment with 20 mg/kg/day. Drugs (±) Ketamine HCl (Sigma-Aldrich, St. Louis, MO), (+) MK-801 hydrogen maleate (dizocilpine) (Sigma-Aldrich), and cocaine HCl (provided by National Institute on Drug Abuse, National Institute of Health, Bethesda, MD) were dissolved in 0.9 % physiological saline. All drugs were administered intraperitoneally at a volume of 1.0 ml/kg. Doses and pretreatment times were based on preliminary studies and previous studies in the literature (Carlezon and Wise 1993; Corbett 1989; Herberg and Rose 1989; Páleníček et al. 2011a, b) .
Results
Effects of ketamine and MK-801 on ICSS For the eight rats used in dose effect and time course studies, the mean±SEM maximum control rate (MCR) was 55.88±2.01 stimulations per trial, and the mean total stimulations per component delivered across all frequencies was 253.07±10.79. Figure 1 shows the effects of ketamine and MK-801 on ICSS. After saline treatment, increasing frequencies of brain stimulation maintained increasing rates of ICSS. Ketamine dose dependently decreased ICSS. Ketamine produced a significant main effect of frequency (F 9,54 =75.06, P<0.001), dose (F 3,18 = 15.40, P<0.001), and significant interaction (F 27,162 =3.88, P<0.001). The 1.0 and 3.2 mg/kg doses of ketamine exerted no effect on ICSS, but 5.6 mg/kg ketamine decreased ICSS at three intermediate frequencies , and 10.0 mg/kg ketamine significantly decreased ICSS at the six highest frequencies (79-158 Hz) (Fig. 1a, b) . Conversely, MK-801 produced mixed rate-increasing and rate-decreasing effects that depended on dose and brain stimulation frequency. MK-801 produced a significant main effect of frequency (F 9,45 =39.45, P<0.001), dose (F 4,20 =19.78, P<0.001), and significant interaction (F 36,180 =7.58, P<0.001). Thus, 0.032 mg/kg MK-801 did not alter ICSS, 0.1 mg/kg MK-801 increased ICSS at one intermediate frequency (89 Hz), and 0.18 mg/kg MK-801 produced a biphasic effect, increasing ICSS at low and intermediate frequencies (63-100 Hz) but decreasing ICSS at the highest frequencies (141-158 Hz). The high dose of MK-801, 0.32 mg/kg, significantly depressed ICSS at the five highest frequencies (100-158 Hz) (Fig. 1c, d ). Figure 2 shows the time course of effects produced by 5.6 and 10 mg/kg ketamine. Ketamine (5.6 mg/kg) produced a significant main effect of frequency (F 9,45 =42.43, P<0.001), time (F 4,20 =5.15, P<0.01) ,and no significant interaction (F 36,180 = 1.28, NS). Ketamine (10.0 mg/kg) produced a significant main effect of frequency (F 9,54 = 97.14, P < 0.001), time (F 4,24 =5.15, P<0.01), and significant interaction (F 36,216 = 3.27, P<0.001). Treatment with 5.6 mg/kg ketamine had modest effects manifested as small but significant decreases in ICSS after 10 min at 71 Hz, 30 min at 71 and 126 Hz, and 100 min at 71-79 Hz (Fig. 2a, b) . Treatment with 10.0 mg/kg ketamine produced greater decreases in ICSS across a broader range of frequencies at 10, 30, and 100 min (Fig. 2c, d ). Neither dose produced significant effects on ICSS after 300 min. ICSS was not increased at any frequency or any time for either ketamine dose. Figure 3 shows the time course of effects produced by 0.18 and 0.32 mg/kg MK-801. MK-801 (0.18 mg/kg) produced a significant main effect of frequency (F 9,36 = 38.33, P < 0.001), time (F 4,16 = 11.50, P < 0.001), and no significant interaction (F 36,144 =1.64, P<0.05). MK-801 (0.32 mg/kg) produced a significant main effect of frequency (F 9,45 =17.47, P<0.001), time (F 4,20 = 3.90, P<0.05), and significant interaction (F 36,180 =7.20, P<0.001). Treatment with 0.18 mg/kg MK-801 significantly increased reinforcement rates at 10, 30, and 100 min across a broad range of brain stimulation frequencies (63-126 Hz) (Fig. 3a, b) ; this MK-801 dose did not produce ratedecreasing effects at any time in the time course study. Conversely, a higher dose of 0.32 mg/kg MK-801 depressed ICSS after 10 and 30 min at high frequencies (100-156 Hz). At 100 min, 0.32 mg/kg MK-801 produced a biphasic effect, increasing reinforcement rats at 63 Hz, but decreasing reinforcement rate at the highest frequencies (126-158). At 300 min, ICSS was still significantly depressed at 124-141 Hz (Fig. 3c, d ).
Effects of repeated ketamine on cumulative dose effect curves For the six rats used in the repeated dosing ketamine experiment (Fig. 4) , the mean±SEM maximum control rate (MCR) during predrug baseline sessions was 57.00±3.33 stimulations per trial, and the mean total stimulations per component delivered across all frequencies was 276.75± 14.59. Under predrug baseline conditions (i.e., before any ketamine administration), brain stimulation maintained a frequency-dependent increase in ICSS rates. Figure 5 shows mean frequency-rate ICSS curves for the predrug baseline determination before initiation of repeated ketamine treatment and before ketamine testing on days 0, 7, 14, and 21 of repeated ketamine treatment. Daily baseline ICSS frequency-rate curves were not significantly affected by exposure to and withdrawal from repeated ketamine: significant main effect of frequency (F 9,45 =75.73, P<0.001), no significant effect of day (F 4,20 =1.76, NS), and no significant interaction (F 36,180 =1.29, NS). Figure 6 shows the effects of cumulative ketamine on ICSS on days 0, 7, 14, and 21 of repeated daily ketamine treatment. On day 0, before initiation of repeated ketamine, cumulative ketamine (3.2-10.0 mg/kg) produced a dose-dependent decrease in ICSS (Fig. 6a, b) . Specifically, 3.2 mg/kg ketamine did not alter ICSS, 5.6 mg/kg ketamine decreased ICSS at frequencies of 89, 100, and 126 Hz, and 10.0 mg/kg ketamine decreased ICSS at 89-141 Hz. Following repeated 3.2 mg/kg/ day ketamine, cumulative doses of 5.6 and 10 mg/kg ketamine decreased ICSS at fewer frequencies than initially, and a higher dose of 18 mg/kg ketamine was introduced, which decreased ICSS at 100-158 Hz (Fig. 6c, d) . Following repeated 10 mg/kg/day ketamine (Fig. 6e, f) and 20 mg/kg/day ketamine (Fig. 6g, h ), ICSS was not altered by any cumulative dose of ketamine (3.2-18 mg/kg). Thus, during repeated ketamine treatment, tolerance developed to the ratedecreasing effects of ketamine, but ICSS was not increased by any ketamine dose at any frequency at any time. Statistical results for repeated ketamine are as follows: drug naïve (day 0): significant main effect of frequency (F 9,45 = 70.40, P<0.001), dose (F 3,15 =3.41, P<0.05), and no significant interaction (F 27,135 =1.36, NS). Repeated 3.2 mg/kg/day (day 7): significant main effect of frequency (F 9,45 = 52.31, On day 22, the time course of effects produced by a bolus dose of 18.0 mg/kg ketamine was determined. Significant decreases in ICSS were observed at 100-112 Hz (P<0.05), but ICSS was not increased at any frequency at any time (data not shown). On day 25, the effects of 10 mg/kg cocaine were Fig. 2 Time course of effects produced by 5.6 and 10.0 mg/kg ketamine. Left panels a, c show drug effects on full ICSS frequency-rate curves. Filled points represent frequencies at which ICSS rates after drug treatment were significantly different from baseline rates as determined by a two-way ANOVA followed by a HolmSidak post hoc test, P<0.05. Right panels b, d show summary ICSS data expressed as percent baseline total stimulations delivered across all frequencies of brain stimulation per test component. Other details as in Fig. 1 . All data show mean±SEM for six to seven rats (5.6 mg/kg, n=6; 10.0 mg/kg, n=7) Fig. 3 Time course of effects produced by 0.18 and 0.32 mg/kg MK-801. Left panels a, c show drug effects on full ICSS frequency-rate curves. Filled points represent frequencies at which ICSS rates after drug treatment were significantly different from baseline rates as determined by a two-way ANOVA followed by a Holm-Sidak post hoc test, P<0.05. Right panels b, d show summary ICSS data expressed as percent baseline total stimulations delivered across all frequencies of brain stimulation per test component. Other details as in Figs. 1 and 2. All data show mean±SEM for five to six rats (0.18 mg/kg, n=5; 0.32 mg/kg, n=6) examined as a positive control, and cocaine significantly facilitated ICSS at brain stimulation frequencies of 63-100 Hz (Fig. 7) : Significant main effect of frequency (F 9,45 = 48.69, P<0.001), dose (F 1,5 =15.59, P<0.01), and interaction (F 9,45 =4.00, P<0.001).
Discussion
This study used a frequency-rate ICSS procedure to compare abuse-related effects of the noncompetitive NMDA antagonists ketamine and MK-801. There were two main findings. First, the two compounds produced dissociable behavioral effects. Specifically, ketamine produced only rate-decreasing effects, whereas MK-801 produced a mixed profile of both rate-increasing and rate-decreasing effects. Second, repeated ketamine treatment produced tolerance to the rate-decreasing effects of ketamine but failed to unmask abuse-related facilitation of ICSS. Taken together, these findings suggest that effects of ketamine in ICSS may be mediated by mechanisms other than or in addition to NMDA receptor antagonism. These results also suggest that ketamine may be less likely than MK-801 to produce a stimulant-like profile of abuse-related effects, although failure of ketamine to facilitate ICSS contrasts with other evidence for abuse liability of ketamine (e.g. Rocha et al. 1996; Suzuki et al. 2000) .
Effects of MK-801 and ketamine on ICSS
The present results are consistent with previous studies showing that MK-801 facilitated ICSS in rats across a variety of reinforcement schedules and testing procedures. For example, MK-801 increased rates of ICSS maintained by fixed brain-stimulation frequencies and intensities under FR 1 and variable-interval 10-s schedules (Herberg and Rose 1989; Olds 1996) . MK-801 also decreased brain stimulation thresholds required to maintain ICSS in procedures that manipulated either frequency of stimulation (Carlezon and Wise 1993; Corbett 1989; Sundstrom et al. 2002) or intensity of stimulation (Kenny et al. 2003; Bespalov et al. 1999 ). The present study extends these earlier results by showing that MK-801 facilitated low ICSS rates maintained by low brain-stimulation frequencies only at doses similar to or just below those that also decreased higher ICSS rates maintained by higher brain-stimulation frequencies. This mixed profile of rate-increasing and ratedecreasing effects distinguishes MK-801 from effects of some other drugs, such as cocaine or amphetamine, that exclusively facilitate ICSS across a broad dose range (Bauer et al. 2013b; Negus et al. 2012a) . In contrast to MK-801, ketamine only depressed ICSS. This agrees with a previous study that found more robust rate-increasing effects with MK-801 than with ketamine in rats trained to respond for a fixed frequency and intensity of brain stimulation under a variable-interval 10-s schedule (Herberg and Rose 1989) . That study evaluated ICSS rates in 10-min bins for 60 min. Rates were stable after vehicle treatment and 3.0 mg/kg ketamine increased mean ICSS rates in the 10-20 and 40-50 min time bins. However, these increases were small relative to effects of MK-801, ICSS   Fig. 4 Shows the timeline of events for the repeated ketamine experiment. On days 0, 7, 14, and 21, ketamine was administered using a cumulative dosing regimen. For cumulative dosing, three baseline ICSS components were conducted, followed by cumulative administration of ketamine (0.25 log unit increases), and a pair of ICSS test components were conducted 10 min after each sequential ketamine dose. Ketamine was also administered on intervening days in the same manner as dose effect test days. On day 22, the time course of effects for ketamine 18.0 mg/kg was determined. On day 23 and 24, ketamine treatment and ICSS testing were omitted. On day 25, the effects of 10.0 mg/kg cocaine was determined as a positive control Fig. 5 Baseline ICSS performance before initiation of repeated ketamine (predrug baseline) and on days 0, 7, 14, and 21 of repeated ketamine treatment. Data for days 7 and 14 were determined 23 h after the most recent ketamine dose. Data for day 21 were collected 7 h after the most recent ketamine dose. Filled points represent frequencies at which ICSS rates after drug treatment were significantly different from baseline rates as determined by a two-way ANOVA followed by a Holm-Sidak post hoc test, P<0.05. Other details as in Fig. 1 . All data show mean±SEM for six rats rates were not affected at other time points by 3.0 mg/kg ketamine, and higher ketamine doses (10-100 mg/kg) only depressed ICSS as in the present study. Taken together with the present results, these findings provide little evidence for facilitation of ICSS by acute treatment with ketamine.
Effects of acute ketamine in the present study were superficially similar to effects of acute treatment with mu opioid receptor agonists like morphine in opioid-naïve rats (Altarifi and Negus 2011; Altarifi et al. 2013) . Thus, mu agonists also produced primarily ICSS depression at early times after their administration. However, as initial rate-decreasing effects of mu agonists dissipated in time course studies, rate-increasing effects often emerged and predominated at later times. Moreover, repeated morphine administration produced tolerance to rate-decreasing effects of mu agonists and enhanced expression of rate-increasing effects. This dependence of mu agonist ICSS effects on parameters of acute or repeated mu agonist exposure suggested that ketamine effects may also depend on parameters of acute or repeated exposure. However, in Fig. 6 Effects of repeated ketamine on cumulative ketamine dose effect curves. Cumulative ketamine dose effect curves were determined before repeated daily ketamine administration (a, b), following 6-days of 3.2 mg/kg/ day ketamine (c, d), following 6 days of 10.0 mg/kg/day (e, f), and following 6 days of 10.0 mg/kg/ day×2 (twice a day, totaling 20.0 mg/kg/day) (g, h). Left panels a, c, e, g show drug effects on full ICSS frequency-rate curves. Filled points represent frequencies at which ICSS rates after drug treatment were significantly different from baseline rates as determined by a two-way ANOVA followed by a HolmSidak post hoc test, P<0.05. Right panels b, d, f, h show summary ICSS data expressed as percent baseline total stimulations delivered across all frequencies of brain stimulation per test component. Other details as in Fig. 1 . All data show mean±SEM for six rats contrast to morphine, ketamine failed to facilitate ICSS at any time after its acute administration in the present study. Repeated ketamine produced tolerance to ketamine's rate-decreasing effects, but again unlike morphine, repeated ketamine failed to unmask rate-increasing effects of ketamine, although cocaine did facilitate ICSS in these rats. Overall, then, ketamine failed to facilitate ICSS under conditions that were sensitive to ICSS facilitation by other drugs of abuse.
Relationship of MK-801 and ketamine effects on ICSS with their effects on other types of schedule-controlled behavior or on locomotor activity The frequency-rate ICSS procedure used in the present study engendered a wide range of baseline behavioral rates maintained by a wide range of brainstimulation frequencies. Similarly broad ranges of baseline behavioral rates can be maintained by food or other reinforcers by using fixed-interval (FI) schedules of reinforcement, and one application of FI schedules in behavioral pharmacology has been to study the degree to which drug effects on rates of operant responding correlate with baseline response rates (Kelleher and Morse 1968; Sanger and Blackman 1976; Branch 1984) . Given the potential role of rate-dependency as a determinant of drug effects, it is notable that effects of MK-801 and ketamine on varying rates of ICSS in the present study are consistent with their effects on varying response rates maintained by other reinforcers under FI schedules. For example, in rats responding for food under a multiple FR 30 FI 300-s schedule, MK-801 increased low rates of responding maintained during early segments of the fixed intervals but decreased high rates of responding maintained during later segments (McMillan et al. 1992 ). This effect is analogous to MK-801 facilitation of low ICSS rates maintained by low brain-stimulation frequencies but depression of high rates maintained by high frequencies in the present study. In contrast to MK-801, McMillan et al. (1992) also found that ketamine only decreased responding across all segments of the FI, similar to ketamine's exclusive rate-decreasing effects on ICSS in the present study. Ketamine also produced exclusively rate-decreasing effects in squirrel monkeys responding under a FI 8-min schedule of shock presentation (Byrd 1982) .
Another operant conditioning schedule that engenders low rates of behavior is the differential reinforcement of low rates (DRL) of responding procedure, which requires animals to wait a specific time between operant responses to receive a reinforcer. MK-801 increases low rates of behavior in rats responding under DRL 15-s and 72-s operant schedules (Ardayfio et al. 2008; Hillhouse and Porter 2014; Sanger 1992; Stephens and Cole 1996) , whereas ketamine decreases rates of behavior in rats responding on DRL 72-s operant schedule (Hillhouse and Porter 2014) . Taken together, these studies demonstrate that low rates of operant responding are increased by MK-801 but decreased by ketamine across a broad range of conditions. Similar results have been obtained in procedures that measure locomotor activity. For example, at doses used in this study, MK-801 significantly increases relatively low rates of locomotor activity in rats, whereas ketamine does not (Engin et al. 2009; Gilmour et al. 2009; Koike et al. 2011; Réus et al. 2011; Wegener et al. 2011) .
Implications for pharmacological mechanisms of action Ketamine and MK-801 have long been considered to share a common mechanism of action as noncompetitive NMDA antagonists that vary primarily in terms of their potency. Drug discrimination procedures have provided one source of behavioral data supportive of a shared mechanism of action, and ketamine produces cross substitution with MK-801 and the other noncompetitive NMDA antagonist phencyclidine in drug discrimination procedures (De Vry and Jentzsch 2003; Grant et al. 1996; Killinger et al. 2010; Overton et al. 1989; Rocha et al. 1996) . However, MK-801 and ketamine have remarkably different affinities at the noncompetitive NMDA binding site. For example, one study found that MK-801 (K i =2.5 nM) was nearly 500-fold more potent for the noncompetitive NMDA receptor site than ketamine (K i = 1,190 nM) (Bresink et al. 1995) . Moreover, ketamine's selectivity for NMDA receptors over other receptor types is modest (Hirota et al. 2002; Nishimura et al. 1998; Seeman et al. 2005; Smith et al. 1987) , suggesting that ketamine may produce effects at targets other than NMDA receptors. The differential behavioral effects of MK-801 and ketamine in the present study are consistent with different mechanisms of action of these drugs to alter low rates of responding maintained by low frequencies of brain stimulation in ICSS procedures or by other reinforcers in FI or DRL schedules of reinforcement. The identity of these distinct mechanisms remains to be determined. Fig. 7 Effects of 10.0 mg/kg cocaine following the termination of repeated ketamine on day 25. The figure shows drug effects on full ICSS frequency-rate curves. Filled points represent frequencies at which ICSS rates after drug treatment were significantly different from baseline rates as determined by a two-way ANOVA followed by a Holm-Sidak post hoc test, P<0.05. Other details as in Fig. 1 . All data show mean±SEM for six rats Implications for abuse liability assessment ICSS is often described as one behavioral procedure for preclinical assessment of abuse liability, and drug-induced facilitation of ICSS is often interpreted as an abuse-related effect (Bauer et al. 2013b; Carlezon and Chartoff 2007; Kornetsky et al. 1979; Vlachou and Markou 2011; Wise et al. 1992; Wise 1996) . The effectiveness of MK-801 to facilitate ICSS in this and other studies is consistent with its effectiveness to produce abuserelated effects in other preclinical procedures, such as drug self-administration in nonhuman primates (Beardsley et al. 1990; Koek et al. 1988 ) and rats (Carlezon and Wise 1996) . Moreover, MK-801 produced a profile of mixed rateincreasing and rate-decreasing effects, and we have suggested previously that such a profile may be indicative of lower reinforcing effects relative to drugs like cocaine or amphetamine, which produce exclusive facilitation of ICSS across a broad dose range (Bauer et al. 2013b; Negus et al. 2012a ). In agreement with this possibility, drug self-administration data suggest that NMDA antagonists may have weaker or less reliable reinforcing effects than stimulants like cocaine (Beardsley et al. 1990; French 1994; Marquis and Moreton 1987) . However, the failure of ketamine to facilitate ICSS in the present study is not consistent with the efficacy of ketamine to maintain self-administration in rats (de la Peña et al. 2012; Rocha et al. 1996) and rhesus monkeys (Broadbear et al. 2004; Moreton et al. 1977; Young and Woods 1981) or with epidemiological evidence for ketamine abuse cited in the introduction. Ketamine sometimes fails to maintain selfadministration in animals (De Luca and Badiani 2011; Rocha et al. 1996; Woolverton et al. 2001) , and its abuse by humans appears to be confined to a small fraction of drug users (Substance Abuse and Mental Health Services Administration 2013) and a narrow range of contexts (McCambridge et al. 2007; Winstock et al. 2012) . Nonetheless, of the more than 60 drugs from multiple drug classes that we have studied in this frequency-rate ICSS procedure, ketamine is comparable only to Δ9-tetrahydrocannabinol and other cannabinoid-1 receptor agonists in its failure to facilitate ICSS despite evidence for reinforcing effects in assays of drug selfadministration (Kwilasz and Negus 2012) . It is possible that ketamine could facilitate ICSS under other circumstances that have not yet been identified. For example, Δ9-tetrahydrocannabinol effects on ICSS were reported to be strain- (Lepore et al. 1996) and dose- (Katsidoni et al. 2013 ) dependent in rats. However, the present results with ketamine illustrate the need for caution in extrapolating from ICSS studies to other preclinical assays of abuse liability or to abuse potential in humans.
